Electrospinning recognized as a simple and inexpensive process for producing continuous polymeric nanofibers with diameters ranging from several micrometers down to tens of nanometers. In this study, an electrospun nanofibrous scaffolds based on lactic-co-glycolic acid (PLGA) and nanohydroxyapatite (nano-HA) was developed. The fiber morphology and mean fiber diameter of prepared nanofibers were investigated by scanning electron microscopy. FTIR analysis demonstrated that there were strong intramolecular interactions between the molecules of PLGA and nano-HA. A more systematic understanding of process parameters was obtained and a quantitative relationship between electrospinning parameters and average fiber diameter was established by using response surface methodology. A response surface function was empirically determined by central composite design using fiber diameter as an observed response and the electrospinning parameters such as concentration, distance, applied voltage, temperature and flow rate as variables. The regression coefficient of the model was found to be 0.938. The predicted fiber diameter was in good agreement with the experimental result. PLGA/nano-HA nanofibrous scaffolds could be good candidates for tissue engineering applications.
INTRODUCTION
Electrospinning is a relatively cost-effective technique for producing nanofibers from a variety of polymeric materials with fiber diameters ranging from 50 to 500 nm dimensional scales. The technique is very promising and versatile since it facilitates the production of multifunctional nanofibers from a variety of polymers, polymer blends, composites and ceramics [1, 2] . The basis of electrospinning is application of a strong electric field. This applied electric field results in an unstable jet formation with fibers continuously collected on the substrate plate. The stretching action of the jet combined with the evaporation of the solvent material allows for the fibers to be stretched into the nanometer scale [3, 4] . Polymer nanofibers have potential applications as membrane filters, scaffolds for tissue engineering, wound dressing and drug delivery [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Several parameters like the applied voltage, polymer flow rate, solution concentration, molecular weight of the polymer, operating temperature, relative humidity, collector type, diameter of the needle and tip to collector distance affects the electrospinning jetting process [15, 16] . It was previously shown, for instance, that the strength of the nanofibrous mats produced by electrospinning is sensitive to fiber diameter [17] . Therefore, it is important to have control over the fiber diameter which is a function of material and process parameters. Despite the relatively early introduction of the electrospinning process, the effect of the process and material parameters on the fiber formation of the thin mat is still under investigation. It should be noted that the observations on individual effects of process and material variables by one-factor-at-a-time approach may be misleading. The Response surface methodology (RSM) is a combination of mathematical and statistical techniques useful for modeling and optimizing the effects of several independent variables on the response. This approach enables us to explore single factor and the interdependency of multiple factors simultaneously. The developed mathematical model incorporates a design of experiments (DOE) approach and regression analysis while incorporating the statistical significance of the chosen parameters. RSM has been used successfully for material and process optimization in numerous studies [18] [19] . Sukigara et al. [20] employed RSM to model mean fiber diameter of electrospun regenerated Bombyx mori silk with electric field and concentration at two spinning distances. Increasing the concentration at http://www.jeffjournal.org Volume 11, Issue 3 -2016 constant electric field resulted in an increase in mean fiber diameter. Different impacts for the electric field were observed depending on solution concentration. Gu et al. [19] , also exploited the RSM for quantitative study of polyacrylonitrile (PAN). They reported no significant effect of voltage on the processing of PAN nanofibers. Thus, an overview of the processing variables and their effect on responses could be obtained using RSM. In this study, a systematic statistical approach has been adopted to obtain optimum diameter of the electrospun nanofibers with different process conditions. The influence of process conditions on the diameter of the electrospun nanofibers was carried out using central composite design. RSM was used to develop a mathematical equation between the process parameters on average nanofiber diameter. PLGA (85:15) with an average molecular weight of 66-107 kD was purchased from Sigma-Aldrich. HA nanopowder with less than 200 nm particle size was obtained from Sigma-Aldrich. Chloroform was purchased from Merck (Germany). All reagents and chemicals in this study were used without further purification.
EXPERIMENTAL Materials

Solution Preparation and Electrospinning
Initially Nano-HA at five different contents (0, 7.5, 15.0, 22.5, 30.0 w/w %) was added in chloroform and sonicated at room temperature for 30 min to disrupt possible agglomerates. Then, 1.2 g of PLGA pellets were added to 10 ml of the nano-HA/Chloroform dispersion. This was followed by magnetic stirring until the polymer dissolved completely. nano-HA/PLGA nanofibrous scaffolds were produced by an electrospinning machine (ANSTCO-RN/I, Asian Nanostructures Technology Co., Iran). Prepared solutions with different amounts of nano-HA, were fed into plastic syringes and then placed on a syringe pump used to dispense the solution at a controlled rate and a high voltage electric field (Nano spinner TM, Iran) was applied to draw the ultra-fine fibers from the spinneret. The collector was a rotating cylindrical drum which was placed at different distances from the needle. The electrospun nanofibers were subsequently vacuum dried so that any residual solvent present in the fibers could be removed.
Characterization of Nanofibers Morphology
The surface morphology of the electrospun fibers was characterized by scanning electron microscopy (SEM; Vega ΙΙ XMU instrument Tescan, Czech Republic). Average fiber diameter of nanofibrous mats were calculated from their SEM images.
ATR-FTIR Spectroscopy
Chemical analysis of electrospun PLGA, nano-HA and PLGA/nano-HA nanofibrous scaffolds was performed by ATR-FTIR spectroscopy. ATR-FTIR spectra of scaffolds were obtained on an Equinox 55 spectrometer (Bruker optics, Germany).
Experimental Design
Among various designs of experiment methods, the Central composite design (CCD) is more advantageous because this design takes into account interactions between parameters with less experiments. CCD was employed to study the effects of electrospinning parameters on the MFD of nanofibrous mats. The independent variables X 1 , X 2 , X 3 , X 4 , X 5 were as follows (low/high value): distance (cm) 5/35; nano-HA concentration ((w/w)%) 0/30; voltage (kV) 9/21, temperature (°C) 25/45 and flow rate (ml/h) 0.2/1.4, respectively. The ranges of the variables were selected from trial experiments and represented the attainable limits for nanofiber formation and/or equipment operation. The electrospinning parameters were coded at five levels as shown in Table I . Thirty two experiments, including fifteen factorial points and eleven axial points as well as six replicates at the center point were designed using CCD methodology. Six replications at the center of the design were used to estimate the pure error. The design matrix and results of the recorded mean diameter for every set of experiments are shown in Table II in all the scaffolds with no significant shift due to nano-HA interaction. Other major peaks observed were the C-O-C ether group at 1083 cm -1 , C-O stretch at 1128 cm -1 , A-type C-O-C symmetric stretching at 1181 cm -1 , O-H deformation at 1264 cm -1 , methyl group C-H stretching at 1452 cm -1 and other methylene, methyl groups at 2800-3300 cm -1 . For the nanocomposite scaffolds, a PO 4 3-stretching (1030 cm -1 ) and bending (570 cm -1 ), typical of HA, were observed with intensities varying proportionally with the Nano-HA concentration.
Response Surface Methodology
The experimental process conditions and their responses are presented in Table II . A quadratic model for the average variations of PLGA/nHA nanofibers was chosen and fitted to the results. Eq.
(1), found to be adequate for the MFD prediction of PLGA/nHA elctrospun nanofibers. 
Effects of Parameters on MFD Spinning Distance
The effect of spinning distance on MFD is illustrated in Figure 4(c) . As shown, fiber diameter increased with increasing spinning distance. Increasing the spinning distance means that the electric field strength (E=V/d) will decrease, resulting in less acceleration, which leads to fibers with larger diameters. Spinning distance has two different effects on MFD. Longer spinning distance will provide more time not only to stretch the jet in the electric field but also to evaporate the solvent, thereby encouraging formation of thinner fibers. The balance between these two effects will determine the final fiber diameter. http://www.jeffjournal.org Volume 11, Issue 3 -2016
Nano-HA Concentration
The effect of concentration on MFD is shown in Figure 4 (a). It shows that there is a concave dependence curve between fiber diameter and concentration. As shown MFD decreased initially by increasing concentration and then increased. Increasing the nHA content initially decreased the fiber diameter probably due to the increase in conductivity of the solution and the surface charge density of the solution jet. But at higher concentrations, the diameter increased. This is probably due to the nHA agglomeration which prevents the formation of continuous fibers and also results in thicker fiber production. At higher concentrations, however, there are extensive chain entanglements, resulting in higher viscoelastic forces which tend to resist against the electrostatic stretching force. Figure 4 (a) and Figure 4(b) show the effect of voltage on the mean fiber diameter. As shown, increasing the voltage resulted in an increase followed by a decrease in MFD. Applied voltage has two major different effects on fiber diameter. Firstly, increasing the applied voltage will increase the electric field strength and larger electrostatic stretching force causes the jet to accelerate more in the electric field, thereby favoring thinner fiber formation. On the other hand, the flight time of jet stream in the electrostatic field decreased with increasing applied voltage and the jet stream reached the collector before it could split into thinner streams. Also, there was not enough time for the evaporation of solvent. Thus, thicker fibers were collected on the collector. The combination of these two effects will determine the final fiber diameter. Hence, increasing applied voltage may decrease [22, 23] , increase [24, 25] or may not change [21, 26, 27 ] the fiber diameter. 
Applied voltage
Flow Rate
Flow rate of the polymer solution within the syringe is another important process parameter. It could affect the morphology of electrospun nanofibers such as fiber diameter. As shown in Figure 4 (c), MFD increased with increasing the flow rate of solution, which agrees with the previous studies [28, 29] . Increasing the flow rate, more amount of solution is delivered to the tip of the needle enabling the jet to carry the solution away faster. This could bring about an increase in the jet diameter, favoring thicker fiber formation.
Temperature
Among the electrospinning parameters such as concentration, applied voltage, spinnig distance and feeding rate, the temperature of the spinning process is another significant factor that influences the MFD of electrospun fibers as it could change the elastic properties of the polymer solution. Figure 4(b) , show the effect of temperature on the mean fiber diameter. As can be seen, for all concentrations, fiber diameter decreased by increasing the temperature. Mituppatham et al. [30] had proven that increasing temperature favors the thinner fiber diameter with polyamide-6 fibers for the inverse relationship between the solution viscosity and temperature. In consequence, the temperature facilitates the electrical stretching of the whipping jet by providing an adequately elastic response of the solution. Also, more solvent evaporated with increasing temperature, which resulted in thinner fiber formation.
Optimizing the Nanofiber Diameter
In this study, our goal is to minimize the average of nanofibers diameter. Optimization finds a good set of conditions that will meet the minimum diameter. The conditions for finest diameter estimated by the RSM quation were spinning distance (X 1 ) = 12.5 cm, nano-HA concentration (X 2 ) = 22.5 (w/w) %, applied voltage (X 3 ) = 14.7 kV, temperature (X 4 ) = 30 °C and flow rate (X 5 ) = 0.5 mL/h. The theoretical average fiber diameter under the above conditions was 107 nm. In order to investigate the reliability of the fibers produced from the electrospinning process, two tests were conducted to measure the fiber diameter from the given set of process parameters. The average nanofiber diameter was estimated to be 102 nm. SEM images of fibers at optimum conditions are shown in Figure 5 . Comparing the experimental result with the predicted value under the same electrospinning settings shows that they are close to each other. 
CONCLUSION
In this study, nanofibrous nanocomposite scaffolds of nano-HA and PLGA were prepared using electrospinning method. The simultaneous effects of four processing variables, including nano-HA concentration, applied voltage, spinning distance, and flow rate on MFD, were investigated. Response surface methodology was used for modeling and optimizing of the average nanofiber diameters. Nano-HA concentration, spinning distance, voltage, temperature and flow rate were the studied factors for
